only to the planetary vorticity gradient but principally to the absolute vorticity gradient, i.e. the gradient including the eddy vorticity effects. The eddy vorticity amplitude at mid-latitude can reach root-mean-square (rms) values as large as 0.3 f and may involve scales as small as 5−20 km [e.g. Capet et al., 2007a; Klein et al., 2007b] . This means that relative vorticity gradients associated with mesoscale eddies can be larger than β and therefore be a much more efficient mechanism to generate small scales. Another major difference with the β-effect is that near-inertial motions distorted by mesoscale eddies do not propagate equatorward. Instead they are "polarized" by eddies and more specifically, are expelled from cyclonic eddies and trapped within anti-cyclonic ones [e.g. Kunze, 1985; D'Asaro, 1995; Young and Ben Jelloul, 1997; Klein et al., 2004b] .
All these characteristics can be explained by considering the simple situation of Figure 2 that involves a meridional geostrophic jet. Inertial motions feel the rotation of the Earth but also feel the rotation of the mesoscale structures even when the latter is one order of magnitude smaller than the former. Hence, using a first-order Taylor series expansion for the mesoscale vorticity Z (i.e. Z = Z o + ∇Z · x + ...), near-inertial velocity can be written as
∇Z, a wave number increasing with time [e.g. Kunze, 1985] . ∇ is the horizontal gradient operator and x = [x, y] with x and y respectively the zonal and meridional coordinates. Thus, as β, mesoscale vorticity gradients reduce the horizontal scales of the near-inertial motions. When |∇Z| >> β, this reduction may occur within a scale of a few days instead of months. Furthermore, these motions subsequently propagate but, as illustrated in Figure 2 , the sign of k is such that they are expelled from cyclonic structures and are trapped within anticyclonic ones. Consequence of the near-inertial motion distortion by the eddy vorticity and their D R A F T January 5, 2008, 10:17am D R A F T subsequent horizontal propagation (proportional to the group velocity C g = f r d k 2 obtained using equation (1)) is that these motions are first trapped within structures of the eddy Laplacian vorticity, i.e. ∇ 2 Z, (this is what Figure 2 shows), and then they overshoot this region to spread out within the larger eddy stream function structures. These two limits have been analyzed in Klein and Tréguier [1995] ; Young and Ben Jelloul [1997] ; Balmforth et al. [1998] and are identified as the weak dispersion limit and the strong dispersion limit.
The preceding discussion applies to the horizontal heterogeneity of near-inertial motions associated with one vertical mode. The vertical propagation of these motions within an eddy field can be understood when they involve several vertical normal modes [e.g. Gill, 1984] . Indeed, if lower and higher baroclinic modes have the same spatial variability and are initially in phase such that they add up within the mixed-layer and cancel out below (with the result of no motion there), then the vertical propagation of the near-inertial motions simply results from the phase decoupling of the different baroclinic modes. Let us introduce the time scale t dn (following Gill [1984] ) for a 180
• phase difference to develop for mode n (using equation (1)),
with ω n and r dn respectively the frequency of the near-inertial motions and the Rossby radius of deformation, both associated with the mode n. Then from equation (4), the lower modes (with large r dn ) first become out-of-phase with the higher ones (with small r dn ), and then the intermediate modes in turn become out-of-phase. The consequence of this phase decoupling is the emergence of non-zero motions at depth. This dynamic of the vertical modes strongly emphasizes the importance of the mechanisms described before (that reduce the length scale of the near-inertial motions) for the propagation of the near-inertial energy into the ocean interior [e.g. Gill, 1984] . Klein et al. [2004b] show that considering a fully turbulent eddy field leads to very different consequences for the behavior of the vertical modes: lower modes are trapped within structures with relatively large scales whereas higher modes are trapped within anti-cyclonic structures with much smaller scales. As a result of these differences in the spatial heterogeneity, the lower modes decouple more quickly from the higher ones and the resulting vertical propagation is therefore much faster and deeper.
Which pathway prevails?
We may wonder which dynamics principally drive the 3-D propagation, in the global ocean, of the large amount of near-inertial energy produced by the high-frequency winds.
We have mentioned before that atmospheric storm tracks at mid-latitudes are the regions where the wind energy input to the ocean at near-inertial frequencies is the strongest [e.g. Alford, 2001; Watanabe and Hibiya, 2002; Alford, 2003] . In global oceanic models, when mesoscale eddies are not fully resolved, near-inertial waves are usually produced near the surface at midlatitudes and subsequently propagate equatorward and downward [Komori, 2007; Sasaki, 2007] .
In these simulations the β-effect is the main mechanism that governs the 3-D propagation of these waves toward the Equator [e.g. Nagasawa et al., 2000; Garrett, 2001 and Siegel et al. [2001] in the North Atlantic basin show that using a horizontal resolution of 1/64
• leads to an explosion of eddies and to an eddy kinetic energy increase by a factor of 10 compared with classical "eddy-resolving models" (with a 1/6
• resolution). Furthermore, they reveal that such fully turbulent eddy fields are not only present in well-known "eddy regions" well as some in situ data [e.g. Stammer, 1997; Wunsch, 1998; Rudnick, 2001; Assenbaum and Reverdin, 2005; LeCann et al., 2005] .
These comments strongly suggest that turbulent eddy fields at mid-latitudes are the prevailing pathways for the 3-D propagation of near-inertial waves. But we still lack a precise quantification of the contribution of these different pathways at a basin scale. The competition between the high-frequency wind energy flux through the ocean surface and the near-inertial energy flux leaving the mixed-layer to the deeper ocean has strong consequences on the mixing in the surface layers. Indeed if all the near-inertial energy is trapped within the mixed-layer, the excitation of the mixed-layer oscillator by winds with frequencies close to f would force resonance and lead to a significant mixed-layer deepening (as illustrated by the academic results of Figure 4) . However, the eddy effects on the near-inertial motion propagation govern the corresponding energy flux at the mixed-layer base, which much reduces the mixed-layer deepening. The decaying time scale of the mixed-layer near-inertial energy, due to its propagation into the deeper layers, is estimated to be on the order of 3−8 days [D'Asaro, 1995; Van Meurs, 1998 ]. However, we still lack however a precise quantification of this flux at the mixed-layer base, as argued by Zhai et al. [2005] , and therefore of how much near-inertial energy is used for mixing the upper layers and how much for the deeper layers.
The route to mixing through eddy fields: some results

Several
As found by Danioux et al. et al. [2007] . It is principally due to the interacting mesoscale eddies that trigger a quick phase decoupling between the lower baroclinic modes of the near-inertial energy and the higher baroclinic modes. As a result the upper maximum on the red curve of Plate 5 is captured by the higher baroclinic modes whereas the deeper maximum is captured by the lower modes. The similitude of the deep maximum locations in Plates 4 and 5 is a coincidence since characteristics of the corresponding experiments are somewhat different. The depth of the maximum in the interior is actually sensitive to the representation of the higher modes and to the existence of vorticity structures at small-scale. Indeed the same experiment as that leading to the results shown on Plate 5 but with a lower resolution (6 km in the horizontal and 50 vertical levels) has produced a maximum at a depth of only 1700 m. Existence of this deep maximum is strong evidence that the presence of mesoscale eddies and sub-mesoscale structures opens an efficient pathway for the wind energy to go deep into the ocean interior where it could be available for mixing.
Another comment on these results is that in such turbulent eddy fields, the vorticity gradients have a rms value as large as 10 −10 -10 −9 m −1 s −1 , i.e. one to two orders of magnitude larger than the β-value (≈ 1.6 * 10 −11 m −1 s −1 at mid-latitudes). This means that the dynamic related to the turbulent eddy field strongly dominates that due to the β-effect. Therefore near-inertial motions appear to be mostly trapped in the turbulent eddy field and can weakly propagate equatorward.
One question still to be adressed is: can these near-inertial motions efficiently cascade through the local wave number spectrum down to small dissipation scales? Usually PSI is the mecha- Staquet and Sommeria, 2002] . This means that only near-inertial waves (with frequency very close to f ) generated at mid-latitudes that propagate equatorward can cascade down through PSI at latitudes not larger than ≈ 30
• where the local Coriolis frequency is half that at midlatitudes. However, it was found recently and confirmed in high-resolution simulations that the dominant frequency of the wind-driven vertical motions present in the deep ocean interior at mid-latitudes (Plates 4 and 5 ) is not close to f but is close to (and even over) 2f , i.e. twice the Coriolis frequency (see Plate 6). The emergence of such supra-inertial motions (also reported in some observations such as those of Mori et al. [2005] ) is due to a resonance mechanism described in Danioux and Klein [2007] . It therefore makes PSI a likely mechanism to convert vertical kinetic energy into mixing in the deep interior at these mid-latitudes. It is premature to produce any estimation of the corresponding mixing since PSI cannot be efficiently activated in a primitive-equation model. But this result indicates the existence of a significant source of low-vertical-mode internal waves with frequency equal or over 2f at mid-latitudes. Such a result emphasizes the strong potentiality of wind-driven near-inertial motions to significantly contribute to the mixing in the deep ocean interior.
Eddy-resolving models and high-frequency winds: what resolution is needed?
Our hypothesis is that eddy-resolving models at a basin scale can be very helpful to address the questions still unanswered about the precise contribution of the different pathways by which near-inertial motions propagate. The eddy-resolving models should allow a particular understanding of how much of the large amount of energy provided by high-frequency winds is available for mixing in both the upper layers and the deep interior and at which latitudes. The prerequisite is to have access to realistic high-frequency winds and to use numerical models at a basin scale with adequate spatial resolution.
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High-frequency intermittent winds are usually linked with fast travelling atmospheric fronts associated with storms. Atmospheric fronts are narrow (with a width of O(100 km)) and elongated on a long distance (more than 1000 km). The atmospheric fronts have a strong signature on the relative vorticity, which explains the strong and rapid variation of both the wind amplitude and direction when they pass over the ocean surface at a given location. NCEP or European
Center for Medium Range Weather Forecasting (ECMWF) data cannot represent such features because of their spatial resolution (involving spatial grid equal or larger than 100 km).
However when these data are blended with data from satellite scatterometers, such as QS-CAT and ADEOS-II scatterometers, time variation of the amplitude and rotation of the highfrequency winds are much better represented (e.g. http://www.cora.nwra.com/morzel/). This is illustrated in Plate 7, which shows the atmospheric vorticity field near the surface estimated from only the NCEP data (upper panel) and from blended winds generated with only QSCAT (middle panel) and with both QSCAT and ADEOS-II data (lower panel). Results show that fronts and storms are very much better resolved when NCEP data are blended with scatterometer data. The propagation of fronts and storms, and therefore the intermittency of the winds, are better represented when using two scatterometers instead of one (compare the three panels in Plate 7). With two scatterometers the blending window can be reduced from 12 hr to 7.5 hr;
i.e. every 6-hourly NCEP global field is blended with 7.5 hr each of QSCAT and ADEOS-II data. Such data, when they are available, strongly improve the spatial and time intermittency of the high-frequency winds [e.g. Milliff et al., 2004; Chelton et al., 2004] , which highlights the strong value and potentiality of high-resolution scatterometers.
Eddy-resolving models at a basin scale should have adequate horizontal and vertical resolution in order to be able to represent the 3-D propagation of the wind-driven near-inertial energy.
This means a horizontal resolution involving a horizontal space grid equal to or less than 3 km and a vertical resolution with at least 100 levels. Two reasons advocate for the use of such spatial resolution.
First, as noted before, the vertical propagation of near-inertial waves down to 4000 m depth results from the phase decoupling of the lower and higher baroclinic modes. Higher baroclinic modes have a Rossby radius of deformation on the order of a few kilometers. This requires a space grid not larger than 3 km and a vertical resolution involving at least 100 levels on the vertical in order to resolve these Rossby radii (multiplied by 2π) and to correctly represent the rapid variation with depth of these vertical modes.
The second reason is that the surface dynamics driven by the mesoscale eddy turbulence involves quite small spatial scales or sub-mesoscale structures, with scales as small as 5 km, that need to be explicitly resolved. The energetic character of these sub-mesoscale structures is em- As mentioned before, these sub-mesoscale structures have a significant impact on the 3-D propagation of the near-inertial energy (and therefore on the depth of the maximum in the interior), but also on the resulting mixing in both the upper layers and the deep interior. Indeed, they drive a strong restratification in the upper layers, compensated for by a destratification in the ocean interior [e.g. Lapeyre et al., 2006; Klein et al., 2007b] . Such restratification competes with the mixed-layer dynamics [e.g. McWilliams, 2007] . On the other hand, the wind forcing itself can affect these sub-mesoscale structures as explicitly shown by Thomas [2005] , Thomas and Lee [2005] , Giordani and Caniaux [2006 [ ], Boccaletti et al. [2007 and Thomas et al. [2007] . All these mechanisms should have a non-negligeable impact on the resulting mixing by both the near-inertial waves and the sub-mesoscale structures in the upper oceanic layers. At last they have a significant effect on the phase decoupling between lower and higher modes of the near-inertial motions, and therefore on the vertical propagation of these motions, since the higher modes dispersion is strongly sensitive to the presence and amplitude of these sub-mesoscale structures [e.g. Klein et al., 2004b] .
Characteristics of the deep maximum of vertical velocity variance observed at 2500−3000 m, as found by Danioux et al. [2007] and other studies, make the PSI a likely mechanism to convert the vertical kinetic energy into vertical turbulent diffusion [e.g. Staquet and Sommeria, 2002; Koudella and Staquet, 2006] . As such the deep maximum of high-frequency motions can potentially participate to the vertical mixing in this region. A very rough scaling analysis (using would be much larger than the 10 −6 m 2 s −1 molecular value and should be close to that necessary for mixing in the deep interior [e.g. Wunsch and Ferrari, 2004] . This comment calls for further studies on these mechanisms to fully evaluate the efficiency of PSI for the characteristics of the supra-inertial energy present in the deep interior. These studies could lead to development of an appropriate parameterization to convert this near-inertial energy at depth into mixing. Schiermeier, 2007] and studies [Sriver and Huber, 2007; Emmanuel, 2001] and Huber, 2007] . On the other hand, the mechanisms reviewed in this paper suggest in the same way that an increase of the strength and intensity of the extra-tropical atmospheric storms may be accompanied by a strengthened MOC and/or an intensified eddy kinetic energy at midlatitudes with the same climate consequences. However, these effects at mid-latitudes would be efficient on a larger depth than those due to tropical cyclones. All these features, which still have to be quantified, emphasize the need to explicitly take into account the small scales of the atmospheric and oceanic dynamics in order to understand the coupled atmosphere-ocean system at larger scales. Milliff et al., 2004; Chelton et al., 2004] .
